Introduction
The hazards of benzene exposure to humans and experimental animals are well documented (1) (2) (3) . In humans, exposure to high levels of benzene has caused a variety of disorders of the hematopoietic system, particularly leukemia, especially of the acute myelogenous type, and aplastic anemia (1, 2, 4) . Evidence of the leukemogenic properties of benzene has come both from collections of case reports (3) (4) (5) (6) and from epidemiological studies (7) (8) (9) . There is no substantial disagreement in the scientific community that benzene exposure can cause leukemia in highly exposed humans. What does remain uncertain, however, is the relationship between a particular level of benzene exposure and the resulting probability of developing leukemia. This uncertainty results from incomplete data on the levels of benzene to which individuals in the epidemiologic studies were exposed and a number of other factors that affect the dose-response relationship.
Elevated frequencies of chromosome aberrations in bone marrow cells and peripheral leukocytes have been observed in a number of studies of individuals exposed to benzene (1) . It is not clear whether these are significant indicators of health damage. Studies of the effects of benzene exposure in animals have shown some similarities to, and also some significant differences from, the effects observed in exposed humans. As with humans, the hematopoietic system in the bone marrow is a critical target of benzene exposure, with anemia, lymphocytopenia, and bone marrow hypoplasia as common responses to repeated inhalation of benzene in the 100 to 300 ppm range (1) . Also, mice and rabbits exposed to benzene show increased numbers of chromosome aberrations in their bone marrow. The major difference in response between humans and the species and strains of experimental animals that have been tested is that, although several cases of leukemia have been attributed to benzene exposure by some researchers, no animal model for benzene-induced leukemia has been well established. Several other forms of neoplasms have been found at elevated incidence in rats and mice exposed to benzene by inhalation or ingestion however (10) (11) (12) (13) (14) (15) . The sites at which tumors have been elevated in rodents include the Zymbal gland, the oral cavity, the preputial gland, the Harderian gland, the mammary gland, the lung, and ovaries, in addition to lym-phomas and leukemia. The reasons for the differences in response between species are not known, though interspecies differences in metabolism and pharmacokinetics of benzene via different routes of exposure may contribute.
The findings in experimental animals confirm qualitatively the carcinogenic potential of benzene. However, it would be inappropriate to rely on such data to estimate quantitatively the risks of exposure of humans to benzene. Most expert groups, including, OSHA (16) , U.S. EPA (17, 19) , and the Office of Science and Technology Policy (18) agree that where epidemiologic data of reasonably good quality are available, they should be used for risk assessment. Thus, although it may be of interest for the purpose of comparison to use the animal data, greatest reliance should be placed on the more relevant human data when such data are available.
In 1977, OSHA first proposed to lower the occupational benzene standard from 10 ppm to 1 ppm on the basis of its qualitative assessment of the leukemia risks of benzene exposure. A permanent standard was, however, not upheld by the United States Supreme Court on the basis that OSHA had not demonstrated that a significant risk existed at the current standard, nor that this risk would be significantly reduced by institution of the proposed standard. Since this Supreme Court decision, quantitative risk assessments have been prepared by a number of investigators. In addition, exposure data of relevance to the benzene leukemia dose-response relationship have recently become available and should be considered when evaluating this issue.
In the following discussion, we will initially review the epidemiologic data sets available for benzene risk assessment and will consider factors arguing for and against their application for this purpose. We will then review the assessments that have been prepared and their associated strengths and limitations. The data recently made available and their potential effect on the available benzene risk estimates will be discussed. Finally, on the basis of this analysis, our conclusions regarding leukemia risk associated with occupational benzene exposure will be presented.
Epidemiologic Studies Available for Risk Assessment
A number of epidemiologic studies have been used to assess the risk of leukemia mortality to persons exposed to benzene. We will describe the four studies that have been most frequently used for this purpose (9, 20, 21) are reports representing continued follow-up of the leukemia mortality experience of a group of Goodyear workers who had been exposed to benzene in the manufacture of rubber hydrochloride (also known as Pliofilm) at three facilities at two locations in Ohio. We shall limit our discussion to the methodology and results obtained in the latter two Rinsky reports, as these have been the primary basis for the more recent risk assessments.
Rinsky et al. (9) divided the Pliofilm cohort from the three facilities into two groups according to the time period worked in the Pliofilm department. Group 1 consisted of 748 workers who worked at least one day between January 1, 1940 , and December 31, 1949 ; group 2 consisted of 258 workers whose first Pliofilm exposure occurred between January 1, 1950 , and December 31, 1959 . Vital status was ascertained to June 30, 1975 , for 98% of the cohort. For each group, the number of workers who died from leukemia between January 1, 1950, and June 30, 1975 , was compared to the expected number based on U.S. white male mortality using a modified life table approach.
Among the 748 workers in the first group, 7 deaths from leukemia occurred versus 1.25 leukemia deaths expected, resulting in a standardized mortality ratio (SMR) of 560 (p < 0.001). It was noted that the mean duration of benzene exposure was relatively brief, with 437 persons (58%) of the cohort exposed for less than 1 year. Upon data analysis by length of employment, a significant excess in leukemia was observed among workers employed 5 bers who have died. Review of these job history records indicates that most members of the cohort worked in a variety of non-Pliofilm jobs throughout the Goodyear plants, many of which likely involved substantial benzene exposure. As will be discussed, a review of some early published reports by medical personnel of Goodyear suggests that pure benzene or solvents with high benzene concentrations were used by the company in several of these non-Pliofilm operations. On the basis of these reports it is suggested that the total benzene exposure of the Pliofilm cohort may have been seriously underestimated by the failure to consider exposure, both by the inhalation and dermal routes, to benzene in non-Pliofilm jobs throughout the Goodyear plants involved in the study.
Of the 9 leukemias observed in the overall cohort, 6 had worked in location 2. This may be important because location 2 is that for which almost no environmental monitoring data were available for the Pliofilm operations. The higher rate of leukemia mortality in location 2 than in location 1 may be related to the higher potential for benzene exposure in the tire-building (nonPliofilm) job areas of location 2. There are a number of factors that limit the usefulness of this study for the purpose of leukemia risk assessment.
First, it must be considered that workers at the Michigan Dow plant were reportedly exposed to a large number of chemicals in addition to benzene, some of which have been associated with carcinogenic effects. This lack of specificity of exposure may have had a significant influence on the study results. This concern is magnified upon examination of the work exposure histories of the three leukemia cases, all of whom had documented multiple chemical exposures in past employment.
Another limitation of the study, in terms of its utility for establishing causal associations, was the lack of an observed dose-response relationship. In addition, the small size of the Ott et al. (8) Aksoy. Aksoy (6) reported that during 1967 to 1975, a total of 34 workers at shoe manufacturing facilities where benzene was used were admitted to the hematology departments of a medical school in Istanbul, Turkey. The total number of shoe workers in Istanbul was estimated to be 28,500. The crude annual incidence of leukemia in this population was estimated to be 13/100,000 personyears of observation. The annual incidence rate of leukemia in the general population was reported by the investigators to be 6/100,000. The observed incidence was reported to be significantly higher (p < 0.01) than the incidence in the general population.
The Aksoy study reportedly evaluates the incidence of leukemia among 28,500 shoe workers in Istanbul. In fact, a study of 28,500 shoe workers was not actually performed. Aksoy's study population represents a case series of 34 shoe workers who were admitted to the hematology departments of Istanbul Medical School with a diagnosis of leukemia between 1967 and 1975. The figure of 28,500 was taken from "official records" of Istanbul, which indicate that there are 28,500 workers involved in the shoe, slipper, and handbag industry in which benzene is used as a solvent. Thus, the leukemia incidence in only a small percentage of the Istanbul shoe worker population was 'actually directly examined.
For a standard population, Aksoy used data on the leukemia mortality in the general population of Western nations, which he obtained from a paper by Gunz (24) . Aksoy indicated during the 1977 OSHA hearings that the leukemia incidence rate of 2.5 to 3/100,000 for the general population of Turkey was not used in the analysis because vital statistics reporting in Turkey could not be relied upon to draw scientific conclusions.
Questions have been raised about the use of the Gunz rate as a standard, however, because it was actually an estimate of the leukemia mortality rate in Western nations, as opposed to the leukemia incidence rate that was being estimated in Aksoy's population. An additional question in the interpretation of Aksoy's results was the fact that his calculation used crude rates, without adjustment for variations in age or leukemia cell types. Leukemia rates are known to vary widely with age, thereby requiring that comparisons be made between populations with reasonably similar age distributions, or that age adjustment be performed prior to relative risk ascertainment.
Perhaps the area of greatest uncertainty in the Aksoy study was that of characterization of exposure. One must assume that these shoe workers were exposed to a mixture of volatile hydrocarbons, including benzene. In addition, workers may have been exposed to curing agents, dyes, and other chemicals commonly used in the shoe industry. The leukemic effect observed may therefore have been related to these other chemical exposures or to benzene activity in combination with these materials. The exposure data provided in the Aksoy studies were also very limited. Aksoy (25) indicated that the concentration of benzene was found to reach a maximum of 210 to 650 ppm when adhesives containing benzene were in use. During the OSHA benzene hearings in 1977, Aksoy indicated that the concentration of benzene ranged between 15 and 30 ppm outside working hours and between 150 and 210 ppm during working hours. The number of measurements upon which these ranges of benzene concentrations were based was not specified in any of the reports. It is most likely, however, that only a very small percentage of the workplaces under consideration were actually sampled. Applying these environmental data to the entire cohort, therefore, results in a very high degree of uncertainty in any projected exposure-related leukemia risks.
In addition, the Aksoy studies did not consider the issue of dermal exposure to benzene. One can assume, however, that dermal exposure in this occupational setting may have been substantial. In light of recent experimental evidence that suggests that dermal exposure to benzene can result in a high degree of absorption, it would be best advised that this matter be further investigated to determine the likely contribution of dermal exposure to the total benzene exposure of this cohort.
Wong. Wong (26) conducted a historical prospective mortality study of a group of 4602 male chemical workers from seven plants who were occupationally exposed to benzene for at least 6 months between 1946 and 1976. They were compared to a group of 3074 male chemical workers from the same plants, but with no occupational exposure to benzene. The vital status of the workers was followed through December 1977 and underlying causes of death coded to the 8th Revision of the International Classification of Diseases. Cause-specific mortality was assessed using a) the comparison group to obtain relative risks and the corresponding Mantel-Haenszel chi-square with one degree of freedom, and b) the U.S. male population as a comparison for obtaining SMRs.
For leukemia, the SMR for the exposed group was 117.4 (7 deaths observed vs. 5.96 expected). This increase was not statistically significant. The relative risk of leukemia could not be determined in the exposed group as compared to the nonexposed group, however, as no deaths from leukemia were observed in the internal control population. The reason for this deficit in leukemia in the unexposed group remains unknown.
The exposed cohort was divided into categories based upon an exposure classification of jobs. In the continuous exposure group a total of 6 deaths from leukemia were observed vs. 4.43 expected, yielding an SMR of 135, which was not significant at the 0.05 level. In the intermittent category, a deficit in leukemia occurred with only 1 leukemia death observed vs. 1.49 expected.
It should be noted that none of the leukemia deaths in the exposed cohort were of the acute myelogenous type, the cell type that has been most commonly associated with benzene exposure in other occupational studies. Rather, 4 of the leukemias were lymphatic, 2 were chronic myeloid, and 1 was an acute leukemia (type unspecified).
The study has a number of limitations, some of which were acknowledged by the investigators. First, it should be noted that each plant collected data on its own workers. Consequently, it is likely that there was a lack of uniformity in data collection procedures, which may have biased the results. Second, data on benzene exposures during the early part of the study were reported to be limited for some of the plants, necessitating estimation of exposures on the basis of uniform tasks in the majority of plants studied. Two of the plants, however, did not use this approach, and estimates of exposures were derived by supervisors or industrial hygienists. This lack of consistency in the methodology for exposure estimation may have further biased the study results, the direction of such bias being impossible to determine. Third, workers in the study were probably exposed to a large variety of additional chemicals in their studied jobs (and in past employment), which may have influenced study results. Fourth, relative risk of leukemia could not be determined between exposed and nonexposed workers, as there were no leukemias observed in the unexposed group. Fifth, the number of leukemia deaths was quite small, limiting the confidence that can be placed in any assessment of doseresponse relationships. Sixth, two of the nine plants that originally participated in the early stages of the study reportedly withdrew from the study because of difficulties in data collection and in participation in the study as designed. This occurred after the collection of death certificates, raising the suspicion that the data contained in the death certificates themselves may (7), Aksoy (25, 28, 29) , and Ott et al. (8) . EPA assumed that for low exposures, the lifetime probability of death from leukemia may be represented by the linear equation: P = A + Ox (1) where A is the rate of leukemia mortality in the absence of benzene exposure and x is the average lifetime exposure to benzene in parts per million. The term P represents the increase in the leukemia mortality rate due to each increase of 1 ppm average lifetime exposure to benzene; this term may also be referred to as the slope of the dose-response relation.
EPA assumed that the relative risk of leukemia is independent of the duration of exposure or the age at which exposure occurs in the worker population. Given this assumption, through several algebraic transformations, P can be derived as follows:
where Pi is the lifetime probability of dying of leukemia with no or negligible benzene exposure, R is the relative risk of leukemia for a benzene-exposed worker cohort compared to the general population, and X2 iS the cumulative occupational exposure to benzene, averaged over a lifetime. At least six additional risk assessments were subsequently developed by other groups, all accepting EPA's general model (30) (31) (32) (33) (34) (35) . These risk assessments differed primarily in their judgment of the adequacy for risk assessment of the three studies originally considered by EPA, and in their choice of values for Pi, R, and X2 to be used in deriving P; several of the assessments rejected the Aksoy and Ott data sets entirely. This resulted in these assessments producing a wide range of estimates for the slope P of the linear dose-response function at low doses.
Because of the limitations of the Ott et al. (8) and the Aksoy studies (6,25,28,29) as described above, it is our judgment that of the three epidemiologic data sets considered in these risk assessments, the Infante et al. (7) and Rinsky et al. (9) data are the best suited for quantitative risk assessment. Consequently, for the remainder of this discussion of these seven risk assessments based on the linear model, the results presented will be limited to those derived from the Infante et al. (7) and Rinsky et al. (9) (9) cohort. In order to accomplish this, they used the benzene measurement data provided in the Rinsky et al. study (9) , an updated data tape on the cohort, and data provided by Rinsky, permitting the association of work areas with occupational codes.
Estimates of benzene exposure were based on available measurements in eight major areas and were derived for seven time periods that corresponded to the years in which recommended occupational benzene concentrations were changed. Time periods were so categorized based upon the assumption that the company's procedures with respect to benzene concentrations would remain unchanged unless revisions in the recommendations or standards had occurred. Available measurements within time periods were averaged, based upon the assumption that roughly equivalent measurement procedures would have been used within a given time period.
In the event there were no measurements for a given area in a given period, Crump and Allen multiplied the estimate from the following period by the ratio of the recommended occupational concentration for the period to the recommended occupational concentration for the following period. The general assumption was made that monitoring data from one plant location were applicable to the other.
On the basis of these assumptions about exposure in specific work areas during specific time intervals, estimates of cumulative benzene exposure in ppm-years were determined for each worker. Crump Crump and Allen fit the available Rinsky dose-response data to both the relative risk and the absolute risk linear dose-response models. The relative risk model assumes that the increased age-specific mortality from an agent is proportional to the background mortality. The absolute risk model, on the other hand, assumes that the added benzene mortality is the same for all ages, given equal doses. The relative risk model applied was as follows: E(Oi) = aEi(1 + bdi) (7) and the absolute risk model:
where:
E(Oi) is the expected number of leukemia deaths in the ith dose category; a is a parameter which allows for the possibility that the background leukemia rates in the cohort differ from those of the reference population;
Ei is the expected number of leukemia deaths in the ith group based upon mortality rates in a comparison population;
b is the potency of benzene for causing leukemia mortality; di is the average benzene dose in the ith group; and Yi is the total number of person-years in the ith group. Next, Crump and Allen described the four different measures of dose that they selected to be fit to these dose-response models. The first was cumulative dose, which, in this analysis, represented cumulative dose in ppm-years up to the beginning of the 5-year age interval under consideration. The second measure was weighted cumulative dose, in which all exposures occurring in the last 2.5 years before the beginning of the 5 years of observation are assumed not to affect leukemia mortality; exposures in the next earlier 5 years are given full weight; those in the next earlier 5 years are given 1/3 weight; and all earlier exposures are given 1/6 weight. The weighted cumulative dose methodology was based upon data on the latency pattern of leukemia in Japanese atomic bomb survivors.
The third measure was termed "window dose," in which full weight is given to exposures during the 10-year period between 2.5 and 12.5 years prior to the 5-year age interval of interest, while exposures outside of this 10-year window are ignored. This window dose measure assumes that doses further than 15 years in the past have no effect on mortality from leukemia.
Finally, peak exposure dose calculations were defined as cumulative exposure in ppm-years in work areas with daily average concentrations above 100 ppm. Exposures to short-term peak concentrations were not identified for these calculations. As there were no areas with exposures between 76 and 100 ppm, it was noted that, in effect, the peak exposure measure assumed that only levels above 76 ppm contributed to leukemia risk.
The peak exposure measure was not used to develop risk estimates. This was because an analysis comparing leukemia dose-response in workers in the Rinsky et al. (9) study exposed to levels of benzene in excess of 100 ppm to those exposed to less than 100 ppm did not support the hypothesis that peak exposure has any effect upon risk over that which can be explained by the contribution of these exposures to cumulative dose. No attempt was made to determine whether levels other than 100 ppm (to represent peak exposure) had a significant effect. ppm for 40 years, and of 79 leukemia deaths/1000 workers exposed at 10 ppm for 40 years.) In our judg-ment, the Crump and Allen estimates based upon cumulative dose should be given the most weight. The window exposure assumption that benzene exposures more than 15 years in the past have no effect on leukemia mortality seems improbable and is at variance with data on leukemia mortality of Japanese survivors of the atomic bomb, in whom excess leukemia mortality has been observed as late as 30 years after exposure. Further, in our judgment, the data upon which the weighted cumulative dose measure was reportedly based [leukemia mortality in Japanese atomic bomb survivors (38) ], provided an insufficient basis to support the development of the weighted cumulative dose measure for leukemia. Specifically, the relative excess of leukemia mortality in the bomb survivor population does not appear to be independent of age at exposure. In addition, the observations that relative excess mortality decreased by 2/3 from the second 5-year interval after exposure to the third 5-year interval and further decreased by 1/2 in subsequent years apply only to the subgroup exposed at ages 30 to 44; observations for subgroups exposed in the remaining adult age groups showed inconsistent decreases in leukemia mortality over time.
There is little available basis upon which to form an opinion whether the absolute or relative risk model applied by Crump and Allen is most appropriate. Crump and Allen indicate a preference for the relative risk model because it seems most probable that the effect of benzene should be larger when the background rate of leukemia is higher. We tend to concur with this preference. On the basis of expert hematological opinion submitted during the 1986 OSHA benzene hearings, it is suggested that there is little support for the Crump and Allen alternate exposure matrix. Specifically, the apparent absence of deaths related to bone marrow toxicity among workers in Pliofilm areas (i.e., casting) with estimated benzene concentrations in excess of 130 ppm does not indicate that such estimated concentrations were higher than actual concentrations (39, 40) .
According to Goldstein, the benzene literature indicates that even in the worst of situations in the past (with regard to high exposure to benzene), there were relatively few individuals with clinically overt pancytopenia; similarly, acute myelogenous leukemia has not been observed in more than 1 to 2% of such highly exposed workers (39) . Bennett observed that the literature on benzene-induced aplasias and cytopenias, although extensive, does not permit reliable prediction of a specific number of such cases at any given exposure level. Further, given the relatively small number of Pliofilm workers (approximately 50) who experienced benzene levels that one would generally associate with aplastic anemia, the apparent absence of cases is unexceptional (40) . The opinions of these hematology experts suggest that the Crump and Allen original exposure estimates, derived from industrial hygiene data, are preferable to the Crump and Allen alternative estimates (37) . Thus (20, 21) . In this analysis, each of the 9 leukemia cases was matched to 10 controls by year of birth and year first employed. This analysis was performed in an attempt to evaluate the effect of certain indicators of exposure on the relationship between risk of death from leukemia and exposure to benzene; to evaluate the effect of potential confounders and effect modifiers on this relationship; and to identify the functional form of the exposure-response relationship.
The investigators initially considered the following exposure variables separately and fit a separate model for each variable: cumulative exposure, duration of exposure, and average exposure rate. Cuimulative exposure, expressed in ppm-years, was reported to be the strongest predictor of death from leukemia (p = 0.0126, 95% C.I. -0.0028 -0.0224; x2 = 6.4; p = 0.011) (21) .
An evaluation of the shape of the exposure response function was performed in which several models for cumulative exposure were applied. The finding indicated that a log linear model best represented the observed exposure-response relationship. On the basis of this model, the equation describing the odds ratio (OR) for leukemia in relation to cumulative benzene exposure was reported to be OR = exp (0.0126 x ppm-years). At 45 ppm-years, the model predicts 5.3 excess leukemia deaths per 1000 workers, and at 450 ppm-years, 667 excess leukemia deaths per 1000 workers are predicted.
The Rinsky et al. (20, 21) method of conditional logistic regression is a valuable approach to analyzing doseresponse information, as it makes maximal use of the information available on individual exposure. In its inclusion of individual exposure levels in the statistical analysis, it avoids the loss of information and resultant imprecision that may occur in analyses that dichotomize [e.g., the earlier linear (27, (30) (31) (32) (33) (34) (35) and one-hit model risk assessments (36) (20) , in which the case-control, conditional logistic approach was applied. Because currently there is uncertainty regarding actual past benzene concentrations in the Pliofilm plants of concern, we have performed separate analyses in which the Rinsky et al. (20) and the Crump and Allen (37) assumptions about exposure were applied.
We have also examined the Rinsky et al. (20) data tapes and noted several inconsistencies in the case-control data. Specifically, upon examination of the work histories of the controls selected by Rinsky et al. (20) (control set 1) it was noted that 15 of the 90 controls had 0 ppm-day cumulative exposure; according to the Rinsky et al. (20) study criteria, individuals with less than 1 ppm-day of benzene exposure in Pliofilm should have been excluded from the cohort.
Upon examination of the Rinsky et al. (20) data tapes, it was noted that the investigators had used inconsistent cohort definition criteria for the case-control and the cohort studies. In the cohort study, Rinsky et al. apparently considered only a smaller group of 1196 wet-side workers, whereas in the case-control study, a larger group involving 1868 wet-side and dry-side workers was included. We believe it is more appropriate to consider workers from both the wet and dry side in the analysis, as there is evidence of benzene exposure in both of these Pliofilm work areas. In our reanalysis of the data tapes, we considered all 1868 workers in our subsequent selection of controls.
We selected another group of 90 controls from the cohort, applying the Rinsky et al. matching criteria (control set 2). In addition, we selected a third control group, matched according to the criteria of Rinsky et al. (date of birth and date of first employment), but applying the additional criterion of matching according to plant (control set 3). We elected to match by plant because the two plants were located more than 100 miles apart and because of differences in non-Pliofilm benzene exposure, which may have influenced plant-specific mortality patterns. Table 3 presents our estimates of the additional lifetime leukemia mortality risks (assuming a background leukemia mortality risk of 0.0071) for workers exposed to benzene at 1 ppm for 45 years (45 ppm-years) and 10 ppm for 45 years (450 ppm-years), using the various exposure assumptions and control sets described above. The Crump and Allen I exposure assumptions are those originally derived by these investigators. The Crump and Allen II exposure assumptions are their alternate estimates in which a ceiling of 131 ppm for each job category was enforced.
Our analyses demonstrate that use of the Crump and Allen I (37) exposure assumptions instead of those of Rinsky et al. (20) will reduce the leukemia mortality risks projected substantially (by factors of approximately 10 and 77, at 45 and 450 ppm-years, respectively). Further, use of control groups in which more stringent and alternative matching criteria are applied will also affect the estimates of risk.
We propose that selection of controls from the larger cohort, which included both the wet-and dry-side workers, is appropriate. We believe our additional criterion of (37) A review of the literature has indicated that in the early decades of the 20th century, rubber workers appeared to be highly exposed to benzene-containing solvents and rubber cements (41) . These substances were often applied by hand or in relatively poorly ventilated environments.
Based upon a 1924 survey of the industry (42), benzene vapor exposures of rubber workers ranged between approximately 100 and 900 ppm. A survey of four rubber plants in 1942 reported benzene levels ranging from 10 to 350 ppm (43) .
Wilson (44) described the blood examinations and symptomatology of 1104 workers at Goodyear who had used benzol. He indicated that the concentration of benzol to which patients seen at the company hospital were exposed varied between 50 and 500 ppm, with an average concentration of 100 ppm; occasional sharp exposures of 500 to 1000 ppm benzol were also cited. Of this group of 1104 workers, 83 (7.5%) showed mild blood changes, and 25 (2.2%) showed severe blood changes (aplastic anemia) with symptoms of severe benzene intoxication. Three of these 25 patients died as a result of the aplastic anemia. At a 1942 conference on health hazards in the rubber industry, Conn of Goodyear specifically cited the spreader operation of Pliofilm production as an area of elevated benzene concentrations that resulted in two deaths from severe aplastic anemia (45) . He A preliminary analysis of the work histories of the leukemia cases and controls selected by Rinsky et al. (20) indicated that the 9 cases had substantially more potential exposure to benzene than did the 90 matched controls, both in Goodyear non-Pliofilm and Pliofilm operations. Overall, it was observed that the cases worked, on average, nearly three times as long as controls in solventrelated non-Pliofilm jobs, in which benzene exposure was likely. When the analysis was broken down by time periods, this distinction between cases and controls was greatest during the years prior to 1942, when the use of high benzene content solvents was most prevalent (48) .
Another factor not considered in the available risk assessments was the contribution of dermal exposure to benzene, both within Pliofilm and non-Pliofilm jobs at the Goodyear plants. There (58) . Of the two exposure matrices presented by Crump and Allen, we prefer the original matrix. As detailed earlier, the available data on human benzene toxicity provide some support for this exposure matrix, which was derived from existing industrial hygiene data.
We adopted the exposure methodologies developed by both Crump and Allen and Rinsky et al. in our estimations of benzene leukemia risk. Our analyses used the matched case-control conditional logistic regression methodology. We assessed the effect of applying the Crump and Allen exposure methodology to the Rinsky et al. casecontrol data set. We selected three additional sets of controls: the first applying Rinsky's criteria of matching by date of birth and date of first employment in Pliofilm; the second in which the controls were matched by plant in addition to the Rinsky matching criteria of date of birth and date of first employment in Pliofilm; and the third in which controls were matched by the Rinsky criteria, plant, and date of last employment. Table 4 presents the range of additional lifetime leukemia deaths per 1000 workers associated with occupational benzene exposure which were projected in the various assessments in which the Crump and Allen (37) and the Rinsky et al. (20, 21) exposure methodologies were applied. In all cases, risk was associated with cumulative benzene exposure. Based on this table at 10 ppm benzene exposure for 45 years (450 ppm-years), a range of 7.9 to 819 additional leukemia deaths per 1000 workers would be expected. By reducing the OSHA PEL to 1 ppm, again assuming 45 years of exposure (45 ppm-years), approximately 0.5 to 7 additional leukemia deaths per 1000 workers would be expected.
We have a preference for the conditional logistic regression approach adopted by Rinsky et al. (20, 21) and subsequently by ourselves because it makes maximal use of the data points available. We also prefer the strict criteria for matching that we have used, in which the cases were matched by date of birth, date of first employment in Pliofilm, and plant (control set 3). We prefer the use of Crump and Allen's exposure matrices because they, in effect, assume exposures in earlier years exceeded those in later years. Available data on benzene toxicity in humans appear to provide greater support for Crump and Allen's original exposure matrix. This methodology and choice of control group and exposure assumptions results in our preferred estimate of 0.5 excess leukemia deaths per 1000 workers exposed for 45 years to 1 ppm benzene, and 7.9 excess leukemia deaths per 1000 workers exposed for 45 years to 10 ppm benzene.
It should be noted, however, that these estimates do not take into account the influence of benzene exposure of workers via inhalation and dermal absorption in nonPliofilm areas of the plants studied by Rinsky et al. On the basis of our preliminary analyses, it is suggested that accounting for such exposures will likely result in a substantial lowering of the occupational leukemia risks which were estimated on the basis of this study.
Additional data on the extent of inhalation and dermal exposure to benzene in the Rinsky et al. cohort may be revealed through the analysis of Goodyear workers' history records recently made available by NIOSH and by Table 4 . Comparison of available benzene risk assessments in which Crump and Allen (37) or Rinsky et al. (20, 21) exposure assumptions were applied.
